Accelerating BWA Aligner Using Multistage Data Parallelization on Multicore and Manycore Architectures  by Chen, Shaolong & Senar, Miquel A.
doi: 10.1016/j.procs.2016.05.544 
$FFHOHUDWLQJ %:$$OLJQHU 8VLQJ 0XOWLVWDJH 'DWD
3DUDOOHOL]DWLRQ RQ 0XOWLFRUH DQG 0DQ\FRUH
$UFKLWHFWXUHV
6KDRORQJ &KHQ DQG 0LTXHO $ 6HQDU
'HSDUWPHQW RI &RPSXWHU $UFKLWHFWXUH 	 2SHUDWLQJ 6\VWHP 8QLYHUVLWDW $XWzQRPD GH %DUFHORQD
6SDLQ
VKDRORQJFKHQ#FDRVXDEHV PLTXHODQJHOVHQDU#XDEHV
$EVWUDFW
1RZDGD\V UDSLG SURJUHVV LQ QH[W JHQHUDWLRQ VHTXHQFLQJ 1*6 WHFKQRORJLHV KDV GUDVWLFDOO\ GHFUHDVHG
WKH FRVW DQG WLPH UHTXLUHG WR REWDLQ JHQRPH VHTXHQFHV $ VHULHV RI SRZHUIXO FRPSXWLQJ DFFHOHUDWRUV
VXFK DV *38V DQG ;HRQ 3KL 0,& DUH EHFRPLQJ D FRPPRQ SODWIRUP WR UHGXFH WKH FRPSXWDWLRQDO FRVW
RI WKH PRVW GHPDQGLQJ SURFHVVHV ZKHQ JHQRPLF GDWD LV DQDO\]HG *38 KDV UHFHLYHG PRUH DWWHQWLRQ DW
OLWHUDWXUH VR IDU +RZHYHU ;HRQ 3KL FRQVWLWXWHV D YHU\ DWWUDFWLYH DSSURDFK WR LPSURYH SHUIRUPDQFH
EHFDXVH DSSOLFDWLRQV GRQ¶W QHHG WR EH UHZULWWHQ LQ D GLIIHUHQW SURJUDPPLQJ ODQJXDJH VSHFLILFDOO\
RULHQWHG WR LW 6HTXHQFH DOLJQPHQW LV D IXQGDPHQWDO VWHS LQ DQ\ YDULDQW DQDO\VLV VWXG\ DQG WKHUH DUH
PDQ\ WRROV WKDW FRSH ZLWK WKLV SUREOHP :H KDYH VHOHFWHG %:$ RQH RI WKH PRVW SRSXODU VHTXHQFH
DOLJQHU DQG VWXGLHG GLIIHUHQW GDWD PDQDJHPHQW VWUDWHJLHV WR LPSURYH LWV H[HFXWLRQ WLPH RQ K\EULG
V\VWHPV PDGH RI PXOWLFRUH &38V DQG ;HRQ 3KL DFFHOHUDWRUV 2XU PDLQ FRQWULEXWLRQV DUH IRFXVHG RQ
GHVLJQLQJ QHZ VWUDWHJLHV WKDW FRPELQH GDWD VSOLWWLQJ DQG LQGH[ UHSOLFDWLRQ LQ RUGHU WR DFKLHYH D EHWWHU
EDODQFH LQ WKH XVH RI V\VWHP PHPRU\ DQG UHGXFH ODWHQF\ SHQDOWLHV 2XU H[SHULPHQWDO UHVXOWV VKRZ
VLJQLILFDQW VSHHGXS LPSURYHPHQWV ZKHQ VXFK VWUDWHJLHV DUH H[HFXWHG LQ RXU K\EULG SODWIRUP WDNLQJ
DGYDQWDJH RI WKH FRPELQHG FRPSXWLQJ SRZHU RI D VWDQGDUG PXOWLFRUH &38 DQG D ;HRQ 3KL DFFHOHUDWRU
.H\ZRUGV ;HRQ 3KL 6HTXHQFH DOLJQPHQW 'DWD SDUDOOHOL]DWLRQ 0XOWLFRUH SURFHVVRUV 0DQ\FRUH SURFHVVRUV
 ,QWURGXFWLRQ
:LWK WKH 1*6 WHFKQRORJ\ EXUJHRQLQJ VHTXHQFLQJ D KXPDQ JHQRPH KDV GHFUHDVHG LQ FRVW IURP 
PLOOLRQ LQ  WR  LQ  >@ ZKLFK OHDGV WR DQ H[SORVLYH LQFUHDVLQJ RI VHTXHQFH GDWD IURP
*% OHYHO WR 7% OHYHO 7KHUHIRUH QHZ DGYDQFHV LQ VRIWZDUH WRROV DUH QHHGHG WR KDQGOH WKLV FKDOOHQJH
E\ HIILFLHQWO\ H[SORLWLQJ WHFKQRORJLFDO IHDWXUHV SUHVHQWHG LQ PRGHUQ SDUDOOHO DUFKLWHFWXUHV 7KLV SDSHU
IRFXVHV RQ VHTXHQFH DOLJQPHQW ZKLFK LQYROYHV WKH DFFXUDWH SRVLWLRQLQJ RI JHQRPH UHDGV LQWR D
UHIHUHQFH JHQRPH VHTXHQFH >@ %:$ LV RQH RI WKH PRVW SUHYDOHQW DQG ZLGHVSUHDG VHTXHQFH
DOLJQPHQW WRROV DQG LQ SDUWLFXODU WKLV SDSHU IRFXVHV RQ WKH DOJRULWKP %:$EDFNWUDFN ZKLFK LV
GHVLJQHG IRU ,OOXPLQD VHTXHQFH UHDGV XS WR ES :H KDYH XVHG DQG PRGLILHG D EDVLF LPSOHPHQWDWLRQ
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RI %:$ QDPHG EZDDOQ[HRQSKL >@ ZKLFK RSWLPL]HV WKH SHUIRUPDQFH RI %:$  $/1
PRGXOH DQG VXSSRUWV H[HFXWLRQ RQ V\PPHWULF PRGH RQ ;HRQ3KL EDVHG V\VWHPV
7KH KLJK SHUIRUPDQFH FRPPXQLW\ KDV EHHQ VKRZLQJ D JURZLQJ DWWHQWLRQ WR K\EULG V\VWHPV WKDW
LQFOXGH PDQ\FRUH DFFHOHUDWRUV ,QWHO¶V ;HRQ 3KL LV RQH RI WKHVH DFFHOHUDWRU V\VWHPV LW LV EDVHG RQ [
DUFKLWHFWXUH DQG FRQVWLWXWHV D FRQYHQLHQW SODWIRUP WR XVH ZLWK VWDQGDUG OLEUDULHV VXFK DV 03,
2SHQ03 RU 326,; WKUHDGV WHFKQRORJLHV ;HRQ 3KL KDV PDQ\ FRUHV YDU\LQJ IURP  WR  DQG  *%
RU *% RI PHPRU\ LQ RQH ERDUG SURYLGLQJ XS WR  7)ORSV LQ GRXEOH SUHFLVLRQ RU  7)ORSV LQ VLQJOH
SUHFLVLRQ )URP D SURJUDPPHU¶V SHUVSHFWLYH ;HRQ 3KL FRQVWLWXWHV DQ DWWUDFWLYH FKRLFH EHFDXVH D
SDUDOOHO DSSOLFDWLRQ WKDW UXQV RQ D VWDQGDUG PXOWLFRUH &38 FDQ EH SRUWHG WR D ;HRQ 3KL V\VWHP ZLWK
PLQLPXP UHSURJUDPPLQJ HIIRUW >@
2XU FRQWULEXWLRQV LQ WKLV SDSHU IRFXV RQ WKH GHVLJQ DQG HYDOXDWLRQ RI GDWD PDQDJHPHQW VWUDWHJLHV
WKDW VLJQLILFDQWO\ LPSURYH WKH VSHHGXS RI %:$ ZKHQ UXQQLQJ RQ K\EULG V\VWHPV PDGH RI D PXOWLFRUH
;HRQ HTXLSSHG ZLWK RQH ;HRQ 3KL FRSURFHVVRU :H KDYH HYDOXDWHG GDWD VSOLWWLQJ DQG LQGH[ UHSOLFDWLRQ
PHFKDQLVPV ERWK LQGHSHQGHQWO\ DQG FRPELQHG DQG RXU H[SHULPHQWDO UHVXOWV VKRZ WKDW WKH FRPELQHG
VWUDWHJ\ LV WKH EHVW FKRLFH DFKLHYLQJ D VSHHGXS RI IROG LQ FRQWUDVW ZLWK WKH H[HFXWLRQ WLPHV RI WKH
SDUDOOHO YHUVLRQ RI %:$ DOLJQHU UXQQLQJ RQ WKH ,QWHO ;HRQ ( SURFHVVRU ZLWK  WKUHDGV
 'DWD 0DQDJHPHQW 6WUDWHJLHV DQG ([HFXWLRQ 0HWKRGRORJ\
,Q RUGHU WR PLWLJDWH PHPRU\ ORFDOLW\ DQG FRQJHVWLRQ SUREOHPV H[KLELWHG E\ %:$ >@ ZH GHVLJQHG
D PXOWLVWDJH GDWD SDUDOOHOL]DWLRQ VWUDWHJ\ WKDW FDQ EH GLYLGHG WR WZR PDLQ PHFKDQLVPV GDWD VSOLWWLQJ
DQG LQGH[ UHSOLFDWLRQ DQG ZKLFK FDQ EH LPSOHPHQWHG LQGHSHQGHQWO\ RU FRPELQHG $GGLWLRQDOO\ WKH
DSSOLFDWLRQ LV ORJLFDOO\ RUJDQL]HG DV D FROOHFWLRQ RI GLIIHUHQW JURXSV RI WKUHDGV WKDW ZLOO ZRUN RQ
LQGHSHQGHQW VHWV RI GDWD DQG ZLOO VKDUH WKH UHIHUHQFH LQGH[ )RU D WRWDO QXPEHU RI SRWHQWLDO WKUHDGV 1W
DQG Q JURXSV HDFK JURXS FRQVLVWV RI 1WQ WKUHDGV ,Q RXU H[SHULPHQWV ZH KDYH XVHG DOO KDUGZDUH FRUHV
DQG UHSRUW UHVXOWV DFFRUGLQJ WR WKH QXPEHU RI WKUHDG JURXSV WKDW ZHUH XVHG )RU D JLYHQ YDOXH RI Q
JURXSV KDYH D GLIIHUHQW VL]H GHSHQGLQJ RQ FRPSXWLQJ UHVRXUFH 1W LV  LQ WKH ;HRQ FDVH REWDLQHG
ZLWK  FRUHV DQG  WKUHDGV SHU FRUH DQG  LQ WKH ;HRQ 3KL FDVH REWDLQHG ZLWK  FRUHV DQG 
WKUHDGV SHU FRUH $FFRUGLQJ WR WKLV ZKHQ WZR JURXSV DUH XVHG  WKUHDGV DUH LQFOXGHG LQ HDFK JURXS
DW WKH ;HRQ SURFHVVRU  GLYLGHG E\  DQG  WKUHDGV DUH LQFOXGHG LQ HDFK JURXS DW WKH ;HRQ 3KL
2XU GDWD PDQDJHPHQW VWUDWHJLHV ZKLFK KDYH EHHQ LPSOHPHQWHG E\ XVLQJ D FRPELQDWLRQ RI 03, DW WKH
KLJKHU OHYHO RI SURJUDP GHFRPSRVLWLRQ DQG 2SHQ03 DW WKH OHYHO RI WKUHDGV WKDW VKDUH D FRPPRQ VHW
RI GDWD VWUXFWXUHV DUH WKH IROORZLQJ
 'DWD 6SOLWWLQJ VKRUWUHDG GDWD LV VSOLW LQWR VXEVHWV EDVHG RQ WKH QXPEHU RI WKUHDG JURXSV VXFK DV
VXEVHW  VXEVHW  HWF 2QO\ WKUHDG JURXS  ORDGV WKH UHIHUHQFH LQGH[ LQ PHPRU\ ZKLFK LV VKDUHG
ZLWK RWKHU JURXSV ZKHQ ;HRQ DQG ;HRQ 3KL DUH XVHG WRJHWKHU RQH FRS\ RI WKH LQGH[ LV SUHVHQW LQ
HDFK GHYLFH 7KH DOLJQPHQW SURFHVV UXQV LQ HYHU\ WKUHDG JURXS ZLWK D VKDUHG UHIHUHQFH LQGH[ DQG
LWV UHODWLYH VXEVHW RI VKRUWUHDGV 6XEVHW UHVXOWV IURP JURXSV   « DUH ILQDOO\ JDWKHUHG DQG
PHUJHG IURP DOO WKUHDG JURXSV
 ,QGH[ 5HSOLFDWLRQ WKH DOLJQPHQW SURFHVV LQ HDFK WKUHDG JURXS LV FDUULHG RXW ZLWK VKDUHG VKRUW
UHDG GDWD DQG D SULYDWH FRS\ RI UHIHUHQFH LQGH[ LQ PHPRU\ 6KRUWUHDG GDWD LV VKDUHG E\ DOO WKUHDG
JURXSV DQG SURFHVVHG LQ FKXQNV RI D IL[HG VL]H XVLQJ D URXQGURELQ SDWWHUQ 7KH LQGH[ RI UHIHUHQFH
LV UHSOLFDWHG SULYDWHO\ IRU HYHU\ WKUHDG JURXS LQ PHPRU\ :KHQ ;HRQ DQG ;HRQ 3KL DUH XVHG
WRJHWKHU WKH VDPH QXPEHU RI LQGH[ UHSOLFDV LV XVHG LQ HDFK GHYLFH (DFK WKUHDG JURXS WKHQ
H[HFXWHV DQ LQGHSHQGHQW DOLJQPHQW SURFHVV ZLWK WKH VKDUHG VKRUWUHDG DQG LWV UHODWLYH FRS\ RI
UHIHUHQFH LQGH[ )LQDOO\ UHVXOWV DUH PHUJHG OLNH LQ WKH SUHYLRXV FDVH
 'DWD,QGH[ 3DUDOOHOL]DWLRQ WKLV VWUDWHJ\ FRPELQHV WKH SUHYLRXV WZR 6KRUWUHDG GDWD LV GLYLGHG
LQWR VPDOO VXEVHWV ZKLFK GHSHQGV RQ WKH QXPEHU RI WKUHDG JURXSV DQG WKH UHIHUHQFH LQGH[ LV
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UHSOLFDWHG IRU DOO WKUHDG JURXSV LQ PHPRU\ $OLJQPHQW SURFHVV LV H[HFXWHG RQ HYHU\ WKUHDG JURXS
ZLWK LWV VKRUWUHDG VXEVHW DQG UHIHUHQFH LQGH[
,Q RXU H[SHULPHQWV ZH KDYH HYDOXDWHG WZR H[HFXWLRQ PRGHV QDWLYH DQG V\PPHWULF :KHQ UXQQLQJ
RQ V\PPHWULF PRGH JHWWLQJ D EDODQFHG GLVWULEXWLRQ RI ZRUN EHWZHHQ WKH ;HRQ SURFHVVRU DQG WKH ;HRQ
3KL DFFHOHUDWRU LV D YHU\ LPSRUWDQW IDFWRU :H GLG D GLVWULEXWLRQ RI WKH QXPEHU RI GDWD UHDGV VR WKDW
UXQQLQJ WLPH LQ ;HRQ DQG ;HRQ 3KL ZHUH YHU\ VLPLODU 6XFK ZRUNORDG RSWLPL]DWLRQ ZDV EDVHG RQ WKH
UXQQLQJ WLPH RI WKHLU QDWLYH PRGH )RU LQVWDQFH LI WKH ,QWHO ;HRQ 3KL FRSURFHVVRU¶V SHUIRUPDQFH RQ
QDWLYH PRGH LV IROG WKDW RI WKH VDPH SUREOHP UXQQLQJ RQ WKH ,QWHO ;HRQ SURFHVVRU RQ QDWLYH PRGH
WKHQ WKH UDWLR RI ZRUNORDG RQ V\PPHWULF PRGH LV  IRU WKH ,QWHO ;HRQ SURFHVVRU DQG  IRU WKH ,QWHO
;HRQ 3KL FRSURFHVVRU
 ([SHULPHQWV DQG 3HUIRUPDQFH (YDOXDWLRQ
 ([SHULPHQWV (QYLURQPHQW
:H KDYH XVHG D KHWHURJHQHRXV V\VWHP HTXLSSHG ZLWK RQH ,QWHO ;HRQ 3KL  FRSURFHVVRU DQG RQH
PDLQ ,QWHO ;HRQ ( 9#*+] &38 ZLWK  *% RI PHPRU\ DQG K\SHUWKUHDGLQJ HQDEOHG
;HRQ 3KL  FRQVLVWV RI  FRUHV DQG  *% RI PHPRU\ RQ FDUG 2XU GDWD PDQDJHPHQW VWUDWHJLHV
ZHUH LPSOHPHQWHG RQ WKH H[LVWLQJ YHUVLRQ RI %:$ EZDDOQ[HRQSKL ZKLFK VXSSRUWV QDWLYH
PRGH DQG V\PPHWULF PRGH H[HFXWLRQ :H XVHG VDPSOH GDWD IURP WKH  *HQRPHV 3URMHFW 7KH
UHIHUHQFH JHQRPH LV KVG DERXW *% RI VL]H DQG RXU VHW RI UHDGV GDWD LV 655 DERXW
*% RI VL]H
 3HUIRUPDQFH (YDOXDWLRQ
3HUIRUPDQFH UHVXOWV RI RXU WKUHH VWUDWHJLHV DUH VXPPDUL]HG LQ ILJXUHV   DQG  ZKLFK VKRZ
VSHHGXS DFKLHYHG LQ HDFK FDVH ZKHQ FRPSDUHG WR WKH H[HFXWLRQ RI RULJLQDO %:$ UXQQLQJ RQ WKH
;HRQ SODWIRUP ZLWK  WKUHDG (DFK VWUDWHJ\ ZDV HYDOXDWHG UXQQLQJ RQ QDWLYH PRGH RQ ERWK WKH ;HRQ
DQG ;HRQ 3KL SODWIRUP DQG UXQQLQJ RQ V\PPHWULF PRGH RQ ERWK SODWIRUPV VLPXOWDQHRXVO\ 1XPEHU RI
JURXS WKUHDGV UDQJHG LQ JHQHUDO IURP  WR  LQ WKH FDVH RI ;HRQ 0HPRU\ OLPLWDWLRQV LQ WKH ;HRQ
3KL UHVWULFWHG WKH PD[LPXP QXPEHU RI JURXSV WKDW FRXOG EH XVHG LQ DOO VWUDWHJLHV WKDW XVHG LQGH[
UHSOLFDWLRQ WKUHH ZDV WKH PD[LPXP
'DWD VSOLWWLQJ 'DWDV VHH ILJXUH  DFKLHYHV WKH EHVW SHUIRUPDQFH ZKHQ WZR DQG WKUHH JURXSV DUH
XVHG LQ QDWLYH PRGH RQ WKH ;HRQ DQG ;HRQ 3KL UHVSHFWLYHO\ IROG DQG IROG VSHHGXS
LPSURYHPHQW FRPSDUHG WR WKH EDVHOLQH ,Q V\PPHWULF PRGH WKH EHVW UHVXOWV DUH REWDLQHG ZLWK WKUHH
JURXSV IROG VSHHGXS ,Q JHQHUDO GDWD VSOLWWLQJ SHUIRUPV ZHOO ZKHQ D OLPLWHG QXPEHU RI JURXSV
LV XVHG :KHQ PRUH JURXSV DUH DGGHG DSSOLFDWLRQ SHUIRUPDQFH VWDUWV WR GHJUDGH 7KLV EHKDYLRU FDQ EH
H[SODLQHG EHFDXVH ZKHQ GDWD LV GLYLGHG LQ LQGHSHQGHQW JURXSV FRPSOHWLRQ WLPH RI HDFK JURXS
VWURQJO\ GHSHQGV RQ WKH SDUWLFXODU UHDGV DVVLJQHG WR HDFK JURXS 'LIIHUHQW JURXSV VKRZ GLIIHUHQW
FRPSOHWLRQ WLPH DQG ORDG LPEDODQFH DSSHDUV GXH WR GLIIHUHQW FRPSRVLWLRQ RI UHDG JURXSV :KHQ D
VPDOO QXPEHU RI JURXSV LV XVHG ORDG LV NHSW IDLUO\ EDODQFHG 7KH PRUH JURXSV DUH XVHG WKH PRUH
LPEDODQFHG LV SURGXFHG ZKLFK LV FRKHUHQW ZLWK WKH REVHUYDWLRQV UHSRUWHG LQ >@
,QGH[ UHSOLFDWLRQ VWUDWHJ\ ,QGH[U VHH ILJXUH  DFKLHYHV LWV EHVW UHVXOWV ZKHQ WZR DQG WZR JURXSV
ZHUH XVHG LQ QDWLYH PRGH RI ;HRQ DQG ;HRQ 3KL UHVSHFWLYHO\ ,Q V\PPHWULF PRGH EHVW UHVXOWV ZHUH
REWDLQHG ZLWK WKUHH JURXSV 6SHHGXS ZHUH RI IROG DQG IROG DQG IROG UHVSHFWLYHO\ 7KHVH
UHVXOWV FRQILUP WKDW XVLQJ PXOWLSOH FRSLHV RI WKH UHIHUHQFH LQGH[ DWWHQXDWHG PHPRU\ SUREOHPV
H[KLELWHG E\ WKH RULJLQDO %:$ DSSOLFDWLRQ ,Q SDUWLFXODU WKH HIIHFWV RI PHPRU\ ODWHQF\ DQG FRQJHVWLRQ
ZHUH UHGXFHG EHFDXVH DFFHVVHV WR WKH UHIHUHQFH LQGH[ ZHUH GLVWULEXWHG EHWZHHQ HDFK LQVWDQFH 1XPEHU
RI PD[LPXP QXPEHU RI LQVWDQFHV ZDV OLPLWHG WR WKUHH DW WKH ;HRQ 3KL GXH WR LWV  *% RI PHPRU\
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VL]H RQ FDUG 6HYHUDO FRSLHV RI WKH UHIHUHQFH LQGH[ DUH EHQHILFLDO WR WKH DSSOLFDWLRQ EXW UHVXOWV RQ WKH
;HRQ SODWIRUP DOVR VKRZ WKDW WKH LGHDO QXPEHU RI FRSLHV LV FORVHO\ UHODWHG WR WKH QXPEHU RI PHPRU\
EDQNV RI WKH 180$ DUFKLWHFWXUH  LQ WKH FDVH RI ;HRQ 0D[LPXP EHQHILWV RI LQGH[ UHSOLFDWLRQ DUH
DFKLHYHG ZKHQ PHPRU\ DFFHVVHV FDQ EH HTXDOO\ GLVWULEXWHG EHWZHHQ DOO 180$ EDQNV ,I PRUH
LQVWDQFHV DUH FUHDWHG WKH\ DUH DOORFDWHG LQ WKH VDPH 180$ EDQNV DQG PHPRU\ FRQWHQWLRQ LV SURGXFHG
E\ GLIIHUHQW JURXSV RI WKUHDGV DFFHVVLQJ WKH VDPH PHPRU\ EDQN
)LJXUH  ,PSOHPHQW GDWD VSOLWWLQJ VWUDWHJ\ )LJXUH  ,PSOHPHQW LQGH[ UHSOLFDWLRQ VWUDWHJ\
)LJXUH  ,PSOHPHQW GDWDLQGH[ SDUDOOHOL]DWLRQ VWUDWHJ\ )LJXUH  $FFHOHUDWLRQ LQ FRQWUDVW ZLWK ;HRQ UXQQLQJ
%HVW UHVXOWV ZHUH REWDLQHG LQ JHQHUDO ZKHQ ERWK PHFKDQLVPV ZHUH FRPELQHG LQ WKH GDWDLQGH[
SDUDOOHOL]DWLRQ VWUDWHJ\ 'DWD,QGH[S DV VKRZQ LQ ILJXUH  $ VSHHGXS RI IROG LV DFKLHYHG LQ
V\PPHWULF PRGH ZLWK WKUHH JURXSV DQG VSHHGXSV RI IROG DQG IROG LV DFKLHYHG RQ QDWLYH ;HRQ
PRGH DQG QDWLYH ;HRQ 3KL PRGH ZLWK WKUHH DQG WZR WKUHDG JURXSV UHVSHFWLYHO\ 7KLV VWUDWHJ\
DOORZHG DQ LPSURYHPHQW RI SHUIRUPDQFH RQ WKH ;HRQ 3KL ERWK LQ V\PPHWULF DQG LQ QDWLYH PRGH
%HFDXVH PHPRU\ FRQJHVWLRQ ZDV UHGXFHG E\ LQGH[ UHSOLFDWLRQ DQG WRWDO ORDG ZDV NHSW EDODQFHG &DXVH
WKH QXPEHU RI JURXSV ZDV VPDOO DV REVHUYHG LQ WKH GDWD VSOLWWLQJ FDVH VDPH EHQHILWV LQ PHPRU\
XVDJH ZHUH QRW REWDLQHG RQ WKH ;HRQ SODWIRUP WKRXJK ZKLFK ZLOO QHHG VRPH IXUWKHU DQDO\VLV WR
XQGHUVWDQG WKH UHDVRQV
)LQDOO\ ILJXUH  VXPPDUL]HV EHVW SHUIRUPDQFH DFKLHYHG E\ DOO VWUDWHJLHV SURSRVHG LQ WKLV ZRUN
FRPSDUHG WR WKH SHUIRUPDQFH RI WKH RULJLQDO YHUVLRQ RI %:$ ZKLFK ZDV DOVR H[HFXWHG RQ QDWLYH DQG
V\PPHWULF PRGH IRU WKH VDNH RI FRPSOHWHQHVV )RU HDFK VWUDWHJ\ ILJXUH  FRQWDLQV WKH EHVW FDVH WKDW
ZDV REVHUYHG LQ DOO WKH H[SHULPHQWV FDUULHG RXW ZLWK HDFK SDUWLFXODU VWUDWHJ\ ([HFXWLRQ RI RULJLQDO
%:$ RQ ;HRQ SODWIRUP ZLWK  WKUHDGV LV VKRZQ DV EZDDOQ LQ ILJXUH  ZLWK VSHHGXS RI  :H FDQ
VHH WKDW D VOLJKW ORVV RI SHUIRUPDQFH ZDV REVHUYHG IRU WKH RULJLQDO DSSOLFDWLRQ ZKHQ LW ZDV H[HFXWHG RQ
WKH ;HRQ 3KL RQ QDWLYH PRGH  FRPSDUHG WR VWDQGDUG ;HRQ :KHQ WKH RULJLQDO DSSOLFDWLRQ ZDV
H[HFXWHG RQ V\PPHWULF PRGH D VSHHGXS RI  ZDV DFKLHYHG )RU WKH UHVW RI FDVHV SHUIRUPDQFH
H[KLELWHG GLIIHUHQW UDWHV RI LPSURYHPHQW :H VXPPDUL]H WKHVH UHVXOWV WDNLQJ LQWR DFFRXQW WKH
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H[HFXWLRQ PRGH 2Q WKH RQH KDQG GDWD VSOLWWLQJ LV WKH EHVW FKRLFH ZKHQ V\VWHPV DUH XVHG LQ QDWLYH
PRGH D VSHHGXS RI IROG DQG IROG ZDV REWDLQHG UHVSHFWLYHO\ RQ ;HRQ DQG ;HRQ 3KL
FRPSDUHG WR WKH RULJLQDO DSSOLFDWLRQ UXQQLQJ RQ WKH ;HRQ SURFHVVRU 2Q WKH RWKHU KDQG GDWDLQGH[
SDUDOOHOL]DWLRQ VWUDWHJ\ LV WKH EHVW FKRLFH ZKHQ V\PPHWULF PRGH LV XVHG :H REWDLQHG WKH ODUJHVW
VSHHGXS IROG FRPSDUHG WR WKH EDVH DSSOLFDWLRQ UXQQLQJ ZLWK  WKUHDGV RQ RXU ;HRQ V\VWHP 7KLV
VWUDWHJ\ VKRZV LQWHUHVWLQJ FKDUDFWHULVWLFV WKDW FRXOG EH XVHG WR GHVLJQ SDUDOOHO DSSOLFDWLRQV WKDW HQDEOH
WKH PD[LPDO XVDJH RI DOO DYDLODEOH KDUGZDUH UHVRXUFHV RQ K\EULG V\VWHPV
 &RQFOXVLRQ
,Q WKLV SDSHU GLIIHUHQW GDWD VWUDWHJLHV KDYH EHHQ GHVLJQHG DQG DQDO\]HG WR LPSURYH WKH
SHUIRUPDQFH RI %:$ RQ K\EULG V\VWHPV ZKLFK FRQVLVW RI &38V DQG DFFHOHUDWRUV :H KDYH SURSRVHG
VRPH VLPSOH VWUDWHJLHV WKDW WU\ WR PLWLJDWH PHPRU\ FRQJHVWLRQ SUREOHPV H[KLELWHG E\ %:$ $V VKRZQ
LQ RXU VWXG\ DFKLHYLQJ JRRG SHUIRUPDQFH IURP D ;HRQ 3KL LV D FKDOOHQJLQJ WDVN :KHQ XVHG LQ QDWLYH
PRGH SHUIRUPDQFH DFKLHYHG RQ D ;HRQ 3KL ZDV VORZHU WKDQ RQ D VWDQGDUG ;HRQ +RZHYHU WKLV
VSHFLDOL]HG KDUGZDUH DFKLHYHG UHDVRQDEOH UHVXOWV ZKHQ XVHG LQ V\PPHWULF PRGH ,Q SDUWLFXODU D
VWUDWHJ\ WKDW UHSOLFDWHV WKH UHIHUHQFH LQGH[ DPRQJ LQGHSHQGHQW JURXSV RI WKUHDGV DQG DOVR VSOLWV UHDG
GDWD EHWZHHQ DOO JURXSV SURYHG WR EH WKH EHVW RQH ZKHQ ;HRQ DQG ;HRQ 3KL ERWK FROODERUDWH LQ WKH
H[HFXWLRQ RI WKH DSSOLFDWLRQ 7KH VWUDWHJ\ UHTXLUHV VRPH H[WUD PHPRU\ FRQVXPSWLRQ WR DOORFDWH DOO
GDWD VWUXFWXUHV EXW WKH EHQHILWV LQ SHUIRUPDQFH MXVWLI\ WKLV LQFUHDVLQJ LQ PHPRU\ IRRWSULQW 7KH
DSSOLFDWLRQ UXQ  WLPHV IDVWHU RQ WKH K\EULG V\VWHP ZKHQ FRPSDUHG WR WKH ;HRQ DORQH $OWKRXJK RXU
VWXG\ KDV IRFXVHG RQ %:$ DV D UHSUHVHQWDWLYH H[DPSOH RI %:7EDVHG PHWKRGV RXU UHVXOWV FRXOG EH
HDVLO\ H[WUDSRODWHG WR RWKHU SURJUDPV EDVHG RQ %:7 ,Q JHQHUDO WKLV VWUDWHJ\ PLJKW EH D YDOXDEOH
DSSURDFK WR UHGXFH WKH SHQDOW\ RI PHPRU\ ERXQGHG DSSOLFDWLRQV WKDW LQFXU LQ KLJK SHQDOWLHV GXH WR WKH
UHSHDWHG DFFHVV WR GDWD VWUXFWXUHV ZKLFK DUH VKDUHG E\ DOO WKH WKUHDGV RI D SDUDOOHO DSSOLFDWLRQ
 $FNQRZOHGJPHQW
7KLV UHVHDUFK KDV EHHQ VXSSRUWHG E\ 3URMHFW 7,1&5 DQG SDUWLDOO\ VXSSRUWHG E\
&KLQD 6FKRODUVKLS &RXQFLO &6& XQGHU UHIHUHQFH QXPEHU 
 5HIHUHQFHV
>@ 2¶'ULVFROO $ HW DO µ%LJ GDWD¶ +DGRRS DQG FORXG FRPSXWLQJ LQ JHQRPLFV -RXUQDO RI
ELRPHGLFDO LQIRUPDWLFV    
>@ &XL < /LDR ; =KX ; HW DO P%:$ $ PDVVLYHO\ SDUDOOHO VHTXHQFH UHDGV DOLJQHU 7KH WK
,QWHUQDWLRQDO &RQIHUHQFH RQ 3UDFWLFDO $SSOLFDWLRQV RI &RPSXWDWLRQDO %LRORJ\ 	 %LRLQIRUPDWLFV
3$&%%  6SULQJHU ,QWHUQDWLRQDO 3XEOLVKLQJ  
>@ EZDDOQ[HRQSKL KWWSVJLWKXEFRPLQWHOPLFEZDDOQ[HRQSKL
>@ 6WHLQ / *HQRPH DQQRWDWLRQ IURP VHTXHQFH WR ELRORJ\ 1DWXUH UHYLHZV JHQHWLFV  

>@ /HQLV - DQG 6HQDU 0 $ 2Q WKH 3HUIRUPDQFH RI %:$ RQ 180$ $UFKLWHFWXUHV 3URF RI ,(((
,QW &RQI RQ 7UXVWFRP%LJ'DWD6(,63$  9RO  SS 
>@ +HU]HHO & $VKE\ 7 - &RVWDQ]D 3 HW DO 5HVROYLQJ /RDG %DODQFLQJ ,VVXHV LQ %:$ RQ 180$
PXOWLFRUH DUFKLWHFWXUHV 3DUDOOHO 3URFHVVLQJ DQG $SSOLHG 0DWKHPDWLFV 6SULQJHU %HUOLQ
+HLGHOEHUJ  
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